Aims The key aim was to assess the genetic variation for nitrogen (N) response and stability in spring wheat germplasm to determine the scope for improvement of nitrogen use efficiency (NUE) under water-limited, low yielding conditions. A further aim was to evaluate NUE stability and NUE-protein yield (PY) as suitable NUErelated traits for selection. Methods The traits measured included grain yield (GY, kg ha
Introduction
The global rate of consumption for nitrogen (N) fertiliser is higher than for any other nutrient (62 % of all fertiliser application is N) (FAO 2011) . However, studies have demonstrated that cereals, including wheat, cannot effectively utilise the supplied N and it is estimated that only 40-60 % of N supplied is absorbed by crops (Craswell and Godwin 1984; Hodge et al. 2000; Sylvester-Bradley and Kindred 2009) . This low uptake of N can affect nitrogen use efficiency (NUE) and lead to high production costs, loss of N from the soil by leaching, contamination of surface and underground water (Mizuta et al. 2004) , and gaseous emissions such as nitrous oxide, a major greenhouse gas (Harrison and Webb 2001) . In addition, the poor use of supplied N may lead to insufficient N availability for plants at times of peak demand with consequent yield reduction. Genotypes show different behaviour with different levels of available N across sites and growing seasons (Le Gouis and Pluchard 1996; Gallais and Coque 2005; An et al. 2006) . The two main components of NUE, N uptake efficiency and N utilisation efficiency, should both be taken into account to optimise NUE in plants. Both components are controlled by a combination of genetic and environmental factors across genotypes (Gallais and Coque 2005; Laperche et al. 2006; Coque et al. 2008) .
A prime challenge for plant breeders is screening and selection of genotypes for consistent N response and high NUE in order to reduce N losses and maximise yield and other desirable traits. To meet this challenge, we need a detailed understanding of available genetic variation in N response, using field and controlled environment approaches to assess the responsiveness of genotypes to supplied N, and dissection of N metabolic pathways. However, NUE and N response are complex traits which show inconsistent trends across years and sites (Hirel et al. 2001; Chen et al. 2004; Brennan et al. 2014) . Accordingly, the integration of agronomic, physiological and molecular data will be important for selection of the best genotypes with high NUE in specific environments (Hirel et al. 2007; Pathak et al. 2008; Sylvester-Bradley and Kindred 2009) . Several researchers have considered the yield response of genotypes under varying growth conditions. Since G × E seriously complicates genetic improvement for grain yield (GY) in wheat (Cooper et al. 1996) , Podlich et al. (1999) proposed a selection strategy to accommodate G × E via computer simulation in multienvironment trials.
The goal of NUE improvement is to increase grain production via either direct selection for GY or indirect selection for yield components. For example, there is a significant relationship between yield and biomass and thousand kernel weight with application of N fertiliser (Serrano et al. 2000; Groos et al. 2003) . Kanampiu et al. (1997) reported that genotypes with high harvest index (HI; grain produced divided by the total dry biomass) demonstrated a higher NUE and potentially increased GY (Raun and Johnson 1999) . Nitrogen assimilation, particularly close to anthesis and during remobilisation into the grain, affects the duration of grain filling and therefore yield (Barbottin et al. 2005) , and highlights the need for sufficient N supply throughout crop growth. One of the main components of NUE is expected to be HI (Le Gouis et al. 2000) .
Nitrogen and water deficit can affect GY differently but in most wheat production areas the two factors are likely to be linked. Co-occurrence of low N and low water availabilities has been reported for the Mediterranean-type environment of South Australia (Angus and Van Herwaarden 2001; Sadras et al. 2012) . Relatively little is known about the interaction of water stress and N availability or the effects of the combination of these two factors on yield components. Water deficit and high temperatures commonly occur during flowering and grain filling in the production environments of southern Australia. In the region used for this study, crops are sown after autumn rainfall when good soil moisture is available for crop establishment and early vegetative growth. Varieties able to take up N during early growth but which restrict tillering and vegetative growth are less susceptible to the late season drought but need to efficiently remobilise the N during grain filling (Liao et al. 2004) . The main aim of this study was to assess the genetic variation for N response and stability in spring wheat germplasm to determine the scope for improvement of NUE under water-limited, low yielding conditions. A further aim was to evaluate NUE stability and NUE-protein yield (PY) as suitable NUE-related traits for selection.
Materials and methods

Field experiments
Five NUE field trials were conducted in a split-plot design with three replicates at varying rates of N application in different sites of South Australia in 2010 and 2011. Nitrogen treatments were applied to the main plots with the genotypes grown in sub-plots. Nitrogen rates varied between 18 and 87 kg N ha −1 at either 3 or 4 levels. At two sites, two different seeding rates were also used (Table 1 ). Urea N fertiliser was applied once at planting time. Soil samples were taken from the field before planting, and analysed for a range of characters including soil mineral N levels (CSBP soil and plant laboratory, Bibra Lake, WA, Australia) ( Table 1 ). The geographic and climate information, soil characteristics and N fertiliser levels at each site are summarised in Table 1 . A set of 24 Australian genotypes of spring wheat (Triticum aestivum L.) was cultivated ( Table 2 ). The genotypes were composed of modern elite lines, and parents of mapping populations. Weed and insect control treatments followed standard practice for the region.
Data collection and calculations
Grain yield (GY, kg ha
, determined at harvest time when moisture content was around 15 %), and NUE (GY per unit of N supplied, kg GY kg −1 N) were measured at all sites. Residual nitrogen was not included in the calculations of NUE (Moll et al. 1982) but it could affect the value of calculated NUE. In this study, we define NUE Stability as a measure of the response of a genotype's NUE to N supply for a single site/season; this was calculated as NUE at high N -NUE at low N (kg ha
). For each site, measures of NUE Stability were then converted to a Stability Ranking, on a scale of 1 to 8 (1 = high NUE Stability; 8 = low NUE Stability). At two of the sites (CUM 11 and ROS 11), we measured grain protein content by using near infrared spectroscopy, and the efficiency of N for protein yield (NUE-PY; protein yield per unit of N supplied, kg PY kg −1 N) was calculated. Protein yield (PY, protein (%) multiplied by GY) was divided to N fertilisation. At physiological maturity, plant height (cm, to the base of the spike) and above-ground harvest index (HI; the proportion of grain dry matter to total shoot dry matter, %) was measured at one site (ROS 11).
Harvest index was determined on single plants harvested from a 50 cm interval sampled from the two central rows in each plot. 
Statistical analysis
All data were used in spatial analysis to estimate the predicted means and standard error of the means of the traits of interest using the Restricted Maximum Likelihood (REML) directive in GenStat (VSN international, Version 15) (Payne 2009 ). The predicted means were used to compare genotypes for traits associated with NUE across different sites and N treatments. The factors that were tested included the effect of genotype (G), N fertilisation (N), seeding rate (SR) at two sites, and their interactions (Table 3) . Phenotypic correlation coefficients, according to the predicted means, were determined for the traits of interest at three replicates at each site and are presented in Table 4 .
Results
Significant genetic variation existed for GY and consequently NUE at each of the trial sites (Table 3) . In this study, the average GY was highest at MIN 10 and lowest at PIN 10 ( Table 1 ). The effect of N treatment was significant for GY at all sites. A genotype-by-N treatment interaction (G × N) for GY was significant only at ROS 11 (P < 0.05). For NUE, G and N application level had significant effects (P < 0.001) at all sites, although the effects were not consistent. Genotypes responded differently to N fertilisation, showing a significant interaction of G × N for NUE at all sites except TUC 10.
An interaction of seeding rate (SR) with N treatment for GY and NUE was significant at both sites where this was tested, CUM 11 and ROS 11. Nitrogen use efficiency for protein yield (NUE-PY; kg grain protein N per kg N supplied) was also determined at these two sites and was influenced by G, N treatment and SR, but a G × N interaction was only observed at CUM 11. Nitrogen use efficiency for PY was highly correlated with NUE at CUM 11 (r = 0.79, Table 4 ). At ROS 11, where genotypes were scored for plant height, the effects of G, SR, G × N, G × SR and N × SR interaction were significant for height, while N was not significant (Table 3 ). There was genotypic variation for HI at ROS 11 (Table 3) . Although N application did not have a significant effect on HI, there was a significant effect of G × N. There was no significant interaction of G × N × SR for any of the traits measured in this study (Table 3) . Although the average correlation for variety performance for GY between sites was relatively large (0.52), the correlation between sites for N response was smaller (Table 4) .
This study showed that genotypes with higher HI tended to also have higher NUE (Fig. 1 and online supplementary Table S1 , showing data for one site and season). There was a reasonably strong relationship between HI and NUE at ROS 11 (R 2 = 0.46; Fig. 1 ). Some wheat varieties showed consistent responses to N across sites. As expected, increased supply of N resulted in higher GY but reduced NUE (Fig. 2) , giving negative values for NUE Stability. Between sites, MIN 10 showed the highest NUE at the high rate of N application, but this was much lower than the NUE observed for the low N treatment. With increasing N application, NUE differed significantly in most sites except at TUC 10 (Fig. 2) . In order to investigate the response of NUE to N supply across environments, NUE Stability was calculated for genotypes at four trial sites where there was a significant G × N effect (MIN 10, PIN 10, CUM 11, and ROS 11). Figure 3 shows the NUE Stability Rankings of eight genotypes for NUE at each of the sites. Overall, Mace and RAC1569 ranked highly and were stable for NUE across sites and N treatments, while Frame, Kord CL Plus and Catalina ranked poorly. Not significant at P > 0.05; 5 % significant at P < 0.05; 1 % significant at P < 0.01 Table 4 Pairwise correlations between sites for grain yield (GY, kg ha −1 ) and nitrogen use efficiency (NUE, kg GY kg −1 N). Correlations are also given for nitrogen use efficiency (NUE) Stability (NUE at high N -NUE at low N), between sites showing significant G × N for NUE across nitrogen treatments. Each trial was run using a split plot design with three replicates. The GY data was corrected using spatial analysis 
Discussion
In this study, we observed low GY at low N supply across sites, consistent with the results of Abe et al. (2013) ; Cormier et al. (2013) and Pang et al. (2013) . Unlike previous studies, however, here we explored genetic variation for NUE under low-yielding conditions where productivity is severely limited by moisture stress. Under these production conditions, N is often applied at or near sowing and the ability of the crop to manage N uptake and use N during crop establishment and early growth is critical. Excessive early vigour and biomass production in response to the available N can be a liability late in the season when water is severely limited. A set of 24 modern wheat varieties were ranked for NUE across trial sites to reveal lines showing stable performance across environments. In line with previous reports (Bertin and Gallais 2001; An et al. 2006; Asplund et al. 2014) , our study demonstrated that there is significant genetic variation for NUE between wheat genotypes. Abe et al. (2013) also demonstrated significant genetic variation for GY and measured NUE component traits among maize hybrids at increasing rates of N application. In another recent study, the genetic progress for NUE in winter wheat was assessed in two hundred and twenty-five elite European varieties at four sites under two levels of N application (Cormier et al. 2013 ). Significant effects of genotype were found for GY and NUE at all sites, and G × N interactions were significant at some sites. Peng et al. (2013) determined the critical soil mineral N concentration to achieve optimum GY in maize in a three-year field trial at three N treatments. Their findings concur with our study where we found significantly higher GY at high levels of N treatment relative to the low N treatments. The genetic basis for variation in NUE has been studied in NUE-Quantitative Trait Loci (QTL) studies. For example, Bertin and Gallais (2001) in a study of genetic variation for NUE in a set of maize recombinant inbred lines, found significant QTL for GY at high N and low levels of N. In addition, Asplund et al. (2014) N18  N50  N64  N87  N18  N50  N64  N87  N18  N50  N64  N87  N18  N41  N87  N18  N41  N87   MIN ) and nitrogen use efficiency (NUE, kg GY kg −1 N) of 24 wheat genotypes grown with varied levels of N fertilisation at five sites in South Australia, 2010-2011. Vertical error bars represent the standard errors of the predicted means after spatial analysis spring wheat varieties under field and controlled conditions. However, the impact of environment (the interaction of climate, soil, water availability and other factors) and G × E on NUE and N responsiveness confirms that achieving genetic gains for NUE will be challenging (Ortiz-Monasterio et al. 1997; Hirel et al. 2007 ). In our study it is likely that variation in the timing and amount of rainfall, as well as other abiotic stresses such as hot days (Table 1) , influenced the value of N application at each site, and the relative response of each genotype to N supply. For instance, at MIN 10, GY was, on average, higher than other sites due to higher rainfall and fewer hot days during the growth season. However, GY was also relatively high at CUM 11 where there was lower rainfall and more days with high temperature. Soil conditions and N availability could have affected the final productivity at this site. The lowest GY was recorded at PIN 10, and could be related to the sub-optimal rainfall and high number of hot days with poor soil N at this site (Table 1) . Our results showed the effect of the interaction between environmental factors and N supplied; particularly the effects of both water and N availability on productivity at the different sites. Interestingly, seeding rate was found to interact with N supply and genotype, although there was no G × N × SR interaction. This result needs to be confirmed, as it was only tested at two sites with a limited set of genotypes, but if correct it helps to simplify the challenges of improving NUE in wheat. Geleta et al. (2002) demonstrated that different genotypes did not necessarily show the same response for both GY and SR. GY also varies at different N levels. Extensive interaction between SR and N would hamper improvement for GY under variable N. Therefore, the fewer interacting factors the more manageable the task of improvement for complex traits such as NUE. Kanampiu et al. (1997) found that low N loss was associated with high HI and low forage yields in winter wheat which resulted in high NUE. Similarly, in our study genotypes with high HI had higher NUE at one of the sites (Fig. 1 and online supplementary Table S1 ). With respect to plant height, taller genotypes at this site showed, on average, lower NUE. This observation is also in agreement with other studies. For instance, Guarda et al. (2004) reported that reduced height led to an increase in HI, and proposed that this was due, at least partially, to more efficient partitioning of photosynthates to the developing spike. As expected, the protein content of genotypes responded differently to N levels for the two sites where this was measured demonstrating an interaction between N and environmental factors. There was a strong correlation between NUE and NUE-PY (r = 0.79, Table 4 ), suggesting that NUE-PY may be considered as a component of NUE in plant breeding. The effects of NUE on both grain quantity and quality characteristics need to be considered (Peterson et al. 1992; Uribelarrea et al. 2009 ). Some genotypes which responded strongly to N fertilisation, were low yielding and had low NUE at low N supply (for example, Kord CL Plus at PIN 10, Axe at CUM 11, Grenade at ROS 11). The opposite was also true, where some varieties such as Corack at CUM 11, Excalibur at MIN 10, Wyalkatchem at PIN 10, RAC875 at ROS 11 and TUC 10 and Frame at TUC 10, showed high GY at low N supply and no strong response to increased N application. These results confirm the G × E effects on the performance of different genotypes and support a previous study in oilseed rape (Ulas et al. 2013 ) which suggested that efficiency and responsiveness may need to be considered independently. The negative association between efficiency and responsiveness may relate to the ability of plants to manage early growth and N uptake to limit stress susceptibility late in the season. The results could reflect two approaches to deal with this problem. Genotypes such as Kord CL, Axe and Grenade may use the available N to build biomass but are then limited for N late in the season which results in low yields and low NUE. The second group of genotypes may be better able to match biomass production to N supply, allowing them to restrict early growth to ensure adequate N will be available during flowering and grain filling. These lines are able to show a consistent response to N across multiple environments. To improve NUE, both efficiency and N response should be considered, making this second group particularly interesting. The present and previous studies emphasised the need for a clear definition of N responsiveness and NUE, especially for breeding objectives. Possible objectives could include selection of genotypes with the capability to maintain high yield under low N input, or developing genotypes with high N responsiveness and high NUE at high N supply.
In an effort to identify genotypes that have high NUE at both low and high N supply, the consistency of the N response is important. Breeders will aim to identify genotypes which show high and consistent NUE across N application levels and sites. In this study, we defined the NUE Stability of a wheat genotype as the difference in NUE at high and low levels of N supply for a specific site/season. Although NUE Stability showed smaller genetic correlations between sites than GY (Table 4) , several genotypes were identified that ranked highly for NUE Stability across multiple sites/seasons At sites where a significant G × N effect was observed for NUE, Mace and RAC1569 consistently ranked highly for NUE Stability (Fig. 3) , suggesting that these genotypes could be exploited by breeders for NUE improvement. Other genotypes showed large variation (inconsistent or low NUE Stability) between sites. For example, the NUE Stability Rankings of Frame varied between sites, and Kord CL Plus had low NUE Stability Rankings at most sites.
In conclusion, we identified genetic variation for NUE-related traits among a selection of modern Australian genotypes grown in low yielding environments. We were able to select and rank genotypes for NUE Stability, suggesting the potential use of this trait for G × N evaluation even across different yielding environments. Rankings for NUE Stability and NUE-PY could be used to guide the selection of suitable parents for new mapping populations to dissect the genetic basis of the contrasting performance for NUE. Ultimately, knowledge of the genetics underlying traits associated with NUE will contribute to wheat breeding efforts to develop genotypes with improved NUE.
